Fire Risk Assessment for Super High-rise Buildings  by Sun, Xiao-qian & Luo, Ming-chun
 Procedia Engineering  71 ( 2014 )  492 – 501 
1877-7058 © 2014 Published by Elsevier Ltd. Open access under CC BY-NC-ND license. 
Peer-review under responsibility of School of Engineering of Sun Yat-Sun University
doi: 10.1016/j.proeng.2014.04.071 
ScienceDirect
Fire Risk Assessment for Super High-rise Buildings 
Xiao-qian SUNa,*, Ming-chun LUOb
aArup International Engineering Consultants (Shanghai) Co. Ltd, Shanghai200031, China 
bOve Arup and Partners Hong Kong Limited, Hong Kong, China 
Abstract 
Fire risk analysis of high-rise building is of critical importance due to the reason that there still lacks efficient systematical fire extinguish 
method to ensure a safety evacuation process.A case study is conducted for a super high-rise building to expatiate the procedure and 
methodology of fire risk assessment for super high-rise buildings. Both the probability and the consequence of fires are quantified in this 
paper.
© 2014 The Authors.Published by Elsevier Ltd. Selection and peer-review under responsibility of the Academic Committee 
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Nomenclature 
C fire consequence level 
F fire frequency level 
Ff Fire frequency 
Nf number of fire in a specific year 
Nb number of super high-rise building in a specific year 





Super high-rise buildings are booming in the recent decade of years in the world, which bring challenges to fire protection 
considering the high building density, high occupant load and high fire load.In China, high-rise buildings over 200m have 
increased from 5 in 1990 to over 240 in 2012.  
Good management of fire safety is essential to lower the probability of fire occurrence and to mitigate the consequence if 
a fire does occur. It is paramount important that occupants in the buildingare able to escape to a place of safety easily and 
quickly if a fire occurs and is out of control.The risk assessment is toidentify the hazards, quantify the risk and propose 
measures to mitigate and control the risk.  
A fire risk assessment is an organized and methodical review ofa specific building, theactivities carried on there and the 
likelihood that a fire could start and cause harmto the occupants and propertiesin and around the premises.The aims of the 
fire risk assessment are to (1) identify the fire hazards, (2) reduce the risk as low as reasonably practicable, and (3) decide
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what physical fire precautions and management arrangements arenecessary to ensure the safety of people in the premises if 
a fire does start, it can help the building manager to decide whether any risks identified are acceptable or need to reduce or 
control the risks.  
2. Fire risk assessment procedure 
2.1. Fire risk assessment procedure 
Five steps are included to conduct the fire risk assessment: i) hazard identification, ii) scenario design fire, iii) 
quantitative risk analysis, iv) risk assessment comparing to acceptable criteria, and v) risk management[1]. The procedure 
chart for fire risk assessment is illustrated in Figure 2 below. 
Figure. 1. Fire Risk Assessment Chart 
2.2.Fire hazardidentification 
For a fire to occur there must be a source of ignition, fuel and oxygen. If all three are present and in close proximity, then 
the fire risk could increase.In anaverage premise fire hazards fall into the first two categories, while the oxygen is present in 
air in the surrounding space. Occasionally oxygen can be found in chemical form (oxidizing agents) or as a gas in cylinders 
or piped systems.  
For supper high-rise buildings, fire hazard may be categorized type I and type II fire hazard, which stands for potential 
sources of fuel, or so-called fire load, and potential sources of ignition, respectively. Type I and type II fire hazards for high-
rise buildings are identified in Table 1 below. 






Fire characteristics Relevant parties
Office
Office appliance,  computer and 
other electrical device, furniture and 
furnishing material, file, etc.
• Careless smoking: rubbish fire 
caused by cigarette ends 
• Electrical fault: short-circuit, 
over loading operating 
• Use of naked flame: electric 
welding, incision during 
maintenance  
• Easy to form three-
dimensional fire 
• Potential to grow and spread 
• Difficult for human evacuation 
and extinguish  
Client, tenant, office 
staff
Hotel
Guest room: bedand mattress, 
bedding, couch, carpet, curtain, 
other furnishing material; 
• Smoking on bed 
• Electrical fault: short-circuit, 
over loading operating 
• Easy to form three-
dimensional fire 
• Potential to grow and spread 
Client, hotel manager, 
accommodation staff
Step 1: Fire risk identification 
Step 2: Design fire scenario 
Step 3: Fire risk analysis 




Step 5: Fire risk management 
No
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television, water heater, freezer, 
clothing, luggage Kitchen: 
cooking utensils and gas, guest 
Hotel storage: goods
• Careless use of cooking utensils 
• Improper operation: naked flame 
during maintenance  
• Difficult for human evacuation 
and extinguish  
Podium
Business hall: clothing, shoes and 
hats, textile, bags; nail polish, 
fixture,  cosmetics; other 
combustible goods and its package, 
rack.
F&B: table, seating, couch, 
customer belongs, ect.
• Careless smoking: rubbish fire 
caused by cigarette butt 
• Electrical over loading or circuit 
aging
• Improper operation: naked flame 
during maintenance  
• Higher fire risk due to  large 
area, large amount 
combustible and electrical 
device
• Potential to grow and spread 
• Difficult for human evacuation 
and extinguish  
Client, commercial 
tenant, mall staff
In addition, improper operation/behavior like fault operation, ignorance and arson,and facilities failure are also important 
factors of hazard.These are generally called type III hazardand are the key factors of fire hazard.For instance, the potential 
failure of fire systems will significantly contribute to fire hazard in case of fire. The fire systems applied in super high-rise
towers are listed in Table 2. 
Table 2.Fire system of super high-rise tower 
No. Fire system Purpose Installed area
1 Fire alarm system
Detect initial fire, raise alarm, activate fire device e.g. smoke 
extraction via controller.
Office floor, hotel floor; 
commercial area, plant room, etc.
2 Sprinkler system
Automatically activate sprinkler system to control and extinguish fire 
timely.
Office floor, hotel floor and 
commercial area.
3
Large space intelligent active fire 
suppression system
Installed in large-space area, with infrared detection component, 
magnetic valve willbe activated once fire is detected.
Atrium, entrance lobby.
4 Gas extinguish system
Extinguish fire via various physical/chemical reactions. Activated 
automatically or manually to extinguish fire.
Plant room
5 High pressure water mist system Control and extinguish fire in case of a fire. Plant room.
6 Smoke extraction system
Installed in high occupant load area or evacuation passage. Extract 
smoke and heat during afire to avoid fire spread. Pressurization 
system is installed in the staircase or vestibule to prevent smoke 
spread and achieve safety environment for evacuation.
Office floor, hotel floor, 
commercial area.
7 Hydrant system The indoor type hydrant systemis installed for firefighting.
Office floor, hotel floor, 
commercial area, etc.
8 Fire extinguisher
Portablefire extinguishers, including drypowder, foam types are 
provided for combustible liquid, gas, electrical fires at early stage.
Office floor, hotel floor, 
commercial area, plant room, etc.
9 Fire shutter
Installed around escalator openings, atrium, or used for fire separation 
in large size fire compartment.
Office floor, hotel floor, 
commercial area, etc.
10
Public announcement (PA) and 
communication system
PA systems are installed for announcement of fire occurrence, 
evacuation,firefighting, etc.
Office floor, hotel floor, 
commercial area, plant room, 
FCC, etc.
11
Egress emergency lighting and 
signage
Including: emergency lighting, evacuation exit signs
Office floor, hotel floor, 
commercial area, etc.
2.3.Design fire scenario 
Fire scenario is a keyparameterof the whole fire risk assessment process. For super high-rise buildings, fire scenario shall 
be a combination of potential fire size, fire location, combustible characteristics, availability of fire system, building 
environment, etc. Take office floor for instance, theworst-credible fire scenario has beenconsidered with medialgrowth rate 
and steady heat release rate of 6MW, when the sprinkler system fails. The heat release rate of the fire is shown in Figure 3 
below. 
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Figure. 2. Heat release rate of designed fire scenario in office 
2.4.Fire frequencyanalysis  
Fire frequency is the number of times a fire occurs within a specific time interval. Fire frequency is usually measured in 
fires per year per building or events per year per building.  
A probabilistic approach typically deals with the statistical likelihood that a fire will occur and the outcome if a fire does 
occur. In this paper, local fire statistics and historical information on super high-rise buildings are cited to analyze the 
likelihood of fire.  Table 3 lists the fire accidents and sequences in high-rise buildings locally from 2000 to 2007, 
thefrequency of fire for each year per unit can be estimated using the following formula: 
Ff=Nf/Nb                                        (1) 
Where Nf is the number of fire in a specificyear, and Nb is the number of high-rise buildings in the same year.      
Based on the statistic data, the average value of 0.024 is used as the fire probability of high-rise buildings in the specific 
regionstudied in this paper.  
Table 3. Fire statistics of high-rise buildings in Shanghai
year  Number of fires causalities  Injuries  
Property loss  
/(10000 yuan)  
High-rise number  
Fire frequency 
/ number/(yr. unit)  
2000  145  1  0  381  3529  0.0411  
2001  84  1  1  11.9  4226  0.0199  
2002  151  0  1  16.9  4916  0.0307  
2003  215  0  1  66  5671  0.0379  
2004  277  1  4  71.5  8470  0.0327  
2005  143  3  0  78.5  10045  0.0142  
2006  90  1  6  71  11989  0.00751 
2007  108  1  2  434.5  13114  0.00824 
Sum  1213  8  15  1131.3  -  -  
Ave  152  1  2  142  -  0.024  
Based on the frequency, fire probability is classified into 5 levels as listed in Table 4 below. 
Table 4. Fire frequency classification 
Probability level Frequency Description
5 Frequent Once or more times per year 
4 Anticipated Once for  1 to 10 years 
3 Sometimes Once for 10 to 100 years 
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2 Unlikely Once for 100 to 1000 years 
1 Extremely unlikely Once for 1000 to 10000 years 
For a given initial fire, the frequency of possible scenarios can be further deduced through event tree analysis as 
illustrated in Figure 3. The event tree identifies the fire accident frequency for different scenarios considering the fire 
system availability and reliability. Availability is the availability of an entity to be in a state to perform a required function 
under given conditions at a given instant in time [2].
Figure. 3. Event tree of fire for different fire scenarios 
Table 5.Summary of fire probabilities for different fire scenarios 
Fire Scenario  Fire system  probability  level  
AFA  activate  
Sprinkler  activate  A
Smoke extraction  activate  
0.017  3  
AFA  activate  
Sprinkler  activate  B
Smoke extraction  fail  
0.0029  2  
AFA  activate  
Sprinkler  fail  C
Smoke extraction  activate  
0.0018  2  
AFA  activate  
Sprinkler  fail  D
Smoke extraction  fail  
0.00032  1  
AFA  fail  E
Sprinkler  activate  
0.0022  2  
A    0.017 
B    0.0029 
C    0.0018 
D    0.00032 
E    0.0022 
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Smoke extraction  fail  
AFA  fail  
Sprinkler  fail  F
Smoke extraction  fail  
0.00024  1  
2.5. Fire consequence analysis  
Fire consequence is generally quantified by injuries and deaths, property loss and business interrupt hours, which can be 
divided into 5 levels, titled as negligible, low, moderate, high and disaster. Table 6 shows the fire loss category.  
Fire loss can be quantitativelyevaluated via modeling study.  
Table 6. Fire loss consequence category 
Level  Severity  Injuries &deaths  Property loss (USD)  Business interrupts  
1  negligible  no  <10,000  <1 day  
2  low Slight injuries  10,000~100,000  <1 week  
3  moderate  
Serious injury/more than one slight 
injuries
0.1~1 million  1week~1 month  
4  high One death/more than one grievous  1~10 millions  1~6 months  
5  disaster  More than one casualty  >10 millions  >6 months  
2.6. Fire risk level 
Fire risk level is mathematically expressed by the formula below[3]:
                                R=F*C                                (2) 
Where F is the fire frequency level and C is the fire consequencelevel. 
Once the fire frequency and the respective consequence have been estimated, they must be converted to a risk, which is 
accomplished by plotting the frequency-consequence combination on the matrix as shown in Table 7. Each frequency-
consequence combination is assigned a relative risk level by the stakeholders. 
Table 7.Fire frequency-consequence matrix 




5 Moderate Moderate High High High
4 Moderate Moderate High High High
3 Low Moderate Moderate High High
2 Low Low Moderate Moderate High
1 Low Low Low Moderate High
The fire risk level will be compared to the acceptable level for a given scenario to determine whether the fire risk is 
accepted, or any mitigationmeasures shall be taken. 
3. RESULTS AND DISCUSSIONS OF A CASE STUDY
3.1. Fire scenario 
For a selected fire scenario, taking office fire scenario C for instance, a moderate t-square growing fire with steady heat 
release rate of 6MW is considered, sprinkler is assumed to be failure and fire detection/alarm system and smoke extraction 
system are in operation, as listed in Table 5. Only one fire compartment in the office floor is considered, as illustrated in 
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Figure 4 below. Fire dynamics simulatorFDS was used to simulate the fire environmentforthe designed fire scenario and to 
evaluate the tenableconditionfor evacuation.  
Figure.4. Fire Scenario and FDS modeling 
In the office fire scenario, all the occupants in the fire floor will be evacuatedonce a fire is detected.Two evacuation cases 
are considered.In Case 1,it is assumedthat all the stairs are available.In Case 2, it is assumed one stair is blocked in fire. 
3.2.Acceptable fire risk level  
It is impossible to eliminate all the fire hazards to gain zero risk, but rather, to accept certain levels of fire risk imposed
upon individuals. In view of fire risk assessment for super-high rise buildings, life safety must be addressed with top priority. 
So life safety criteria aremainly considered in this paper.  
Thermal effects, toxicity and visibility are the key performance criteria for life safety. The critical parameters to judge the
tolerable conditionare: 1) the air temperature below the critical height (2m above fire floor in this scenario) is lower than 
60eC;2) the visibility below the critical height is greaterthan 10m; and 3) the carbon monoxide concentration is less than 
500ppm. The available safety evacuation time (ASET) can be estimatedthrough fire modeling judged by the above 
parameters. 
The safety margin can be quantitativelyestimated by comparing the ASET and the required safety evacuation time (RSET) 
by evacuation analysis, using evacuation modeling software STEPS. 
3.3.Fire consequence analysis 
Figure 5 below shows the temperature contour and visibility contour at the critical height at different time, it can be 
concluded from the contours that the ASET is 420s. 
The RSETs for evacuation Cases1 and 2 are 220s and 286s, respectively, less than the respective ASET. Fire and smoke 
are well restricted within a period and occupants canevacuate safely. Smoke will spread in the initial phase of fire, but fire 
affected area is only within the limited area in the fire compartment. Probably small amount occupants will be injured by 
fire and smoke. So it can be reasonably categorized the consequence asLevel 2 listed in Table 8 below.Table 8 also 
summaries all the possible fire scenarios and the consequences. 
 (a) temperature contour                                     (b) visibility contour 
Figure.5. Temperature and visibility contour series at critical height 
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t=0s                             t=30s                           t=180s                         t=220s 
Figure.6. EvacuationScenario 1 for the fire floor 
t=0s                             t=30s                           t=180s                         t=286s 
Figure.7. EvacuationScenario 2 for the fire floor 
Table 8. Fire sequence description for different fire scenarios 
Fire
Scenario
Fire system Fire sequence description Level  
Fire alarm  activate  





Initial fire  controlled 
Smoke restricted; 
Occupants evacuate safely; 
No impact on business; 










Initial fire  controlled 
Smoke affect occupant evacuation to certain extent; 
Occupants can evacuate safely; 
Fire affected small area within the room of fire origin; 
No impact on business. 
1
Fire alarm  activate  
Sprinkler failed  
Initial fire
spread to large 
area
C
Fire separation  activate  
Fire and smoke is well controlled within a period and occupants can evacuate safely; 
Probably small amount of occupants will be affected by fire and smoke; 
Fire affected area within the compartment of fire origin 
Impact on business. 
2
Fire alarm  activate  





spread to large 
area
D
Fire separation  activate  
Fire environment deteriorates; 
Smoke accumulates and descends; 
Affect occupant evacuation to certain extent; 
Large amount occupants can evacuate safely, probably small amount occupants will 
be affected by fire and smoke; 
Fire affected area within the compartment of fire origin; 
Impact on business. 
3
Fire alarm  failed  





Initial fire  controlled 
Smoke affect occupant evacuation to certain extent; 
Occupants can evacuate safely; 
Fire affected small area within the room of fire origin; 
No impact on business. 
1
500   Xiao-qian Sun and Ming-chun Luo /  Procedia Engineering  71 ( 2014 )  492 – 501 







spread to large 
area
Smoke accumulates and descends; 
Fire environment deteriorates  quickly and beyond acceptance level; 
Prolong evacuation time and affect occupant evacuation; 
Occupants may trapped in fire, cause fatalities or multiple injuries; 
Fire affected area within the compartment of fire origin; 
Impact on business. 
4
3.4. Fire risk level 
Fire Scenario C is categorized as level 2 in terms of fire frequency as listed in Table 5, and consequence level 2 as stated 
in the above section 3.3,so the fire risk level R=4, falling into low fire risk. 
The risk assessment has provided a relative clear picture of the fire risk level for a given fire scenario. It depends on the 
stakeholder’s objective whether the risk level is acceptable. For Scenario C, there is no fatality, possibly a small amount of 
occupants will be affected by fire and smoke, and the businesscontinuity will be impacted, which may impact on the 
stakeholder’s reputation. So some necessary control measures shall be considered to further lower the risk. 
3.5. Fire risk control measures 
For agiven scenario, various enhanced measures can be adopted to reduce the fire risk, including: 
• Risk transfer. It is a risk handling measure via contracting or non-contracting methods by transferring the existing 
risks to another party, for example, the insurance. 
• Prevent electrical fire. Electrical fire is the key fire reason for super high-rise buildings, so it isequipped with 
electrical leakage fire alarm system to detect fire at the initial stage of fire, and installed electrical current-limiting 
fire protection device to prevent overload electrical fire. 
• Effective evacuation procedure and facilities. Selected shuttle lifts are used to assist evacuation in fire, which can 
significantly improve the evacuation efficiency, and lower the likelihood of exposure to fire for individuals.  
• Reliable fire communication system. Besides of the designed bi-communication system, an additional wireless fire 
communication network facility is provided. 
• Maintenance. Fire safety maintenance is the tough task for high-rise buildings, which also requires well 
understanding of basic fire design principal employed in architectural design. Fire safety maintenance shall ensure 
that all provisions made for fire safety are kept in good condition. 
• Emergency plan. Establish the digital emergency plan to encounter all possible events, and periodically update when 
necessary. 
• Fire safety management. Establish building's fire safety committee and equip with fire safety staff responsible for 
the fire safety. Well trained crowd control managers (i.e. evacuation guider) are recommended for high occupant 
dense area, like ballroom, observation lobby, refuge floor, etc.Ensure all staff members are aware of fire safety 
procedure and familiar with fire systems, equipment locations and can operate them well. 
• Pay attention to cooking utensils. Reliable fire suppression system is equipped with the cooking area, and naked 
flame shall be strictly controlled. 
4. Summary
In fire safety engineering, risk analysis is generally used to evaluate fire protection strategies for a particular application
or for a class of facility or operation. Fire risk analysis can take different approaches depending on the purpose and scope of
the analysis or assessment. And assessing the fire risk in any specific existing building will in volve very few events in that
building. The fire risk analysis for super high-rise towers has no specific case to refer, and so fire cases from massive high-
rise buildings in a specific region are cited. 
However, the terminology of fire risk analysis is not consistent. There is no common fire risk study approach for all 
buildings. The basic methodology in this paper outlines the key fire risk analysis procedure and approach, with the aim to 
help fire engineers and architectures to have a clear picture of the fire risk level and to adopt enhanced measures in the 
design phase. More importantly, the risk assessment is to assist the stakeholder and operator to manage the facilities in a 
right way. 
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